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Stimulated emission and optical gain in a single MOVPE-grown ZnxCd12xSe-ZnSe quantum well
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We have studied the stimulated emission from an optically pumped graded index separate confinement
heterostructure, realized in the form of a metal-organic vapor-phase-epitaxy-grown single quantum well based
on a wide-gap~ZnCd!Se semiconductor. The structure is composed of a central Zn0.78Cd0.22Se quantum well
sandwiched between two thicker, zinc-rich~ZnCd!Se layers with a graded cadmium composition varying
continuously and monotonously between 0% and 5%. The stimulated emission occurred at;2.49 eV (T
58.5 K), being spectrally redshifted with increasing temperature and disappearing forT>200 K. The optical
gain has been measured using the variable stripe-length method, and values of the gain up to 620 cm21 have
been achieved. High-resolution spectral studies of the stimulated emission have revealed a fine structure in the
emission spectra originating from different localization sites for excitons. We identify the lasing mechanism as
due to an inhomogeneously broadened system of localized excitons.@S0163-1829~98!04320-3#
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I. INTRODUCTION

One stage of the search for blue-green semicondu
light emitters was successfully completed some time ago
finding the way how to realize@using molecular-beam epi
taxy ~MBE!# p doping of the wide-band-gap II-VI semicon
ductor ZnSe. Structures based on ZnSe have become o
creasing technological importance as potential candidate
fabrication of blue-green laser diodes.1

Modern semiconductor epitaxy is not restricted to soph
ticated MBE, but other methods like the low-cost met
organic vapor phase epitaxy~MOVPE! are at hand. By
MOVPE, however, one meets a difficulty in realizing hea
p doping and, therefore, ap-n junction and laser structure
in II-VI materials, despite progress reported recently.2,3 On
the other hand, MOVPE is a suitable method for prepara
of graded index separate confinement heterostruct
~GRINSCH!, in which a single quantum well~QW! is sand-
wiched between two layers with a monotonously varyi
energy gap, aimed at better confining of excitons and/or
riers as well as photons in the QW, and at achieving
lowest threshold current for lasing when operated under e
trical carrier injection.4

In this paper we experimentally study a sing
Zn0.78Cd0.22Se QW sandwiched between two~Zn,Cd!Se
zinc-rich alloy layers with a graded cadmium compositio
varying from 0% to 5%. The aim of our investigation
basically twofold. First, to study application-related prop
ties of the QW, like photoluminescence behavior, and
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feasibility of obtaining stimulated emission and positive n
gain under optical pumping. Second, to contribute to clari
ing nature of recombination processes which govern stim
lated emission in QW’s based on II-VI semiconducto
where various models have been proposed.5–10 Our prelimi-
nary results on the stimulated emission in a MOVPE-gro
GRINSCH Zn12xCdxSe/ZnSe single QW were published
Ref. 11.

The paper is organized as follows. Section II describ
experimental methods and relevant experimental arran
ments. Section III deals with the experimental results: tra
fer of the optical excitation energy into the QW~Sec. III A!,
properties of the stimulated emission studied with the aid
a variable stripe-length method~Secs. III B and III C! and
discussion of extracted optical gain profile~Sec. III D!. Sec-
tion IV is devoted to a discussion of the results.

II. EXPERIMENTAL DETAILS

The sample used in this study was single Zn0.78Cd0.22Se
QW of 8-nm thickness grown by low-pressure MOVPE u
ing hydrogen selenide, triethyl-amine-dimethyl zinc, a
dimethyl cadmium as precursors. On each side of the Q
layers of ~Zn,Cd!Se zinc-rich alloy have been deposite
with a graded cadmium composition continuously and m
notonously varying between 0% and 5% of cadmium,
thickness of these being 450 and 350 nm~see Fig. 1!. This
improves the photon confinement and the efficiency of c
rier collection in the QW. A buffer layer of 300 nm of ZnS
13 077 © 1998 The American Physical Society
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is grown onto a GaAs~100! epitaxy substrate prior the depo
sition of the Zn0.78Cd0.22Se QW and the cladding layers
Cleaved faces define a cavity length of 600mm @see
Fig. 1~c!#.

The investigation of stimulated emission has been p
formed by using a pulsed XeCl excimer laser~ultraviolet
pulses 308 nm with a duration of;15 ns, at a 5-Hz repeti
tion rate!. The laser pulses were focused onto the sam
with a cylindrical lens into a stripe of about 20-mm width
and of variable length~0–600mm!.12 The maximum excita-
tion power density on the sample was 300 kW/cm2. The light
emitted by the QW emerged from the cleaved edge of
sample in a direction perpendicular to the exciting beam
was dispersed by a monochromator and detected by a re
camera~with the spectral resolution of'0.05 meV!. The
measurements were performed in the 8–300-K tempera
range, using a continuous helium flow cryostat.

III. EXPERIMENTAL RESULTS

A. Delivery of optical excitation energy into the QW

Pumping pulses of 308 nm, being absorbed strongly in
cap 350-nm-thick layer of~ZnCd!Se, created excitons~e-h
pairs! are transported by drift and diffusion into the cent
QW and recombine there, giving rise to spontaneous
stimulated emissions. The excitons are expected to trave
the QW with a one-dimensional current density

j ~x!52D
]N~x!

]x
1mFN~x!, ~1!

wherex denotes the direction perpendicular to the surfa
@Fig. 1~b!#, the first term on the right-hand side is due
exciton diffusion, and the second one arises from a driv
force F52dEg /dx that results from the energy-gap grad
ent in the cap~Zn,Cd!Se layer. In Eq.~1!, D stands for the
exciton diffusion coefficient,N(x) denotes the~three-
dimensional! exciton concentration, andm the exciton mo-
bility.

We wish now to estimate the resulting exciton density
the QW. Supposing the validity of the Einstein relationD
5mkT ~kT is the usual Boltzmanns factor! and taking into
consideration thatF'0.215 meV/nm is fixed by the desig
of our QW,13 we have to calculate at first the functionN(x).

A rate equation governing the process of exciton creat
travel, and recombination in the~Zn,Cd!Se cap layer can be
written in the form

]N~x,t !

]t
505a~12R!Je2ax2

N~x,t !

t
2mF

]N~x,t !

]x

1D
]2N~x,t !

]x2 , ~2!
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where the first term on the right-hand side describes the
tical creation of excitons with the excimer laser of intensityJ
~a andR stand for the absorption coefficient and reflectiv
at 308 nm!, the second term is due to exciton recombinati
~t is the exciton lifetime! and the last two terms originat
from Eq. ~1!, describing exciton movement from the excite
surface to the QW. We consider a stationary case]/]t50,
because the pump laser pulse duration;15 ns is much
longer than exciton lifetime (t'10210 s).14

The solution of Eq.~2! is straightforward. We use the
boundary conditionsN(x→`)50 andj (x50)50. The sec-
ond boundary condition means that excitons can neit
leave the sample nor penetrate into the sample from outs
and it implies F(x50)50, ]N(x)/]xux5050. We obtain
~for x.0!

FIG. 1. ~a! Schematic sketch of the GRINSCH design.~b! A
scheme for the calculation of the exciton transport.~c! The geom-
etry of the experiment to measure the optical gain.
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FIG. 2. Emission intensity as a function of the stripe length for the bath temperatures of~a! 8.5 K and~b! 70 K.
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N~x!5
a~12R!J

1

t
2a2D2

aDF

kT

3H a

2
F

2kT F S 11
4~kT!2

DtF2 D 1/2

21G
3expH 2

F

2kT F S 11
4~kT!2

DtF2 D 1/2

21GxJ 1e2axJ .

~3!

We wish to estimate the upper limit of exciton concentrat
in the QW before the lasing starts. To this goal we sh
consider rather high exciton diffusion constantD
510 cm2/s. In this case Eq.~3! can simplify substantially,
since for F'0.2153107 meV/cm, a'23105 cm21 ~Ref.
15!, t'10210 s ~Ref. 14!, andT<70 K the relations (a2D
1aDF/kT)@t21 and 4(kT)2/(DtF2)!1 hold, and there-
fore we have~using an approximationA(11a)21'a/2 for
a!1!

N~x!'
a~12R!Jt

11
akT

F

S 12
kTx

DtF D . ~4!

Considering that the lifetime of excitons in the QW is equ
to that in the cap layer~which is again an upper limit sinc
lifetime shortening is expected for increasing wavefunct
overlap of the electrons and holes in the QW!, we easily
calculate the resulting two-dimensional densitys of excitons
in the QW as
ll

l

n

s5N~d!2ax , ~5!

whered5350 nm is the distance of the QW from the samp
surface and 2ax58 nm is the QW thickness~ax being the
exciton radius!. For T510 K, an excitation power density o
150 kW/cm2 ~i.e., J52.331023 cm22 s21!, and a reflectivity
R50.25 ~Ref. 15!, we obtain, with the aid of Eqs.~4! and
~5!, s52.531012 cm22. Let us stress that this upper limit o
s is still below the Mott density of similar QW structure
@331012 cm22 ~Ref. 7! and in 5.131012 cm22 ~Ref. 6!#.
Moreover, the increase in lattice temperature as well as
heating of the exciton gas owing to intense pump pul
@Secs. III B and III D! can lead in the framework of ou
model@Eq. ~3!# only to a decrease ofN(d) and, therefore, to
a decrease ofs.

It is now of interest to compare relative contributions
the drift j (x)drift5mFN(x) and the diffusion j (x)diff
52D]N(x)/]x current densities in Eq.~1!. By using Eq.
~4!, it is easy to obtain a ratioj (x)drift / j (x)diff in the form

j ~x!drift

j ~x!diff
5

DtF2

~kT!2 S 12
kTx

DtF D .

For T510 K and the values of the other parameters giv
above, j (x)drift / j (x)diff@1. Therefore, it turns out that th
drift current ~due to the compositional graded cap layer! is
much more important than the diffusion current in our e
perimental conditions.

B. Spectrally integrated stimulated emission from the QW

An unambiguous piece of evidence for the existence
stimulated emission from our sample at low temperatu
~8.5 and 70 K! ~Ref. 16! is given in Fig. 2, where the emis
sion intensity is displayed as a function of the excited str
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length. In the variable stripe-length method, part of the sp
taneous luminescent radiation with the spontaneous emis
rate per unite volumeJspont propagates along the stripe axi
and is amplified in the excited region by stimulated emissi
and the light intensity at the outputJstim is linked with the
stripe ~excited region! length l by a relation12

Jstim5
JsponA

g
@exp~gl !21#, ~6!

where A is the cross-sectional area of the excited volum
andg is the net optical gain~gain due to stimulated emissio
minus optical loss!. Therefore, the exponential variation~for
gl@1! of the light output with increasingl , shown in Fig. 2
by full lines, proves the existence of stimulated emissi
and from the slope ofJstim ~on log scale! againstl the values
of the optical gain can be easily extracted. Let us note
the onset of the stimulated emission could easily be chec
with the naked eye: an extremely bright blue-green spot s
denly appeared at the facet of the sample.

For largel , saturation of the emission intensity in Fig.
can be clearly seen. Such a saturation is due to exhaustio
excited radiative centers and leads to only linear variation
the light output with stripe length for long enough strip
~see the dashed lines in Fig. 2!. However, noticeable devia
tions from these linear variations in the form of ‘‘notches
can be recognized, especially atTbath570 K @Fig. 2~b!#. The
origin of these deviations is probably linked with the spect
composition of the amplified emission. We will come ba
to this point below. Another interesting feature in Fig. 2
that the optical gain at 70 K is higher than at 8.5 K.

C. Spectrally resolved stimulated emission

Figure 3 displays the emission spectra taken
Tbath570 K under 17-kW/cm2 excitation intensity for vari-
ous excited stripe lengths. The threshold of the stimula
emission, characterized by a sudden narrowing of the em
sion line, can be clearly seen. It is worth mentioning that
spectra given in Fig. 3 correspond to the last few points~the
longest stripe lengths! on the curve denoted 17 kW/cm2 in
Fig. 2~b!, where the starting superlinear increase of the em
sion intensity indicates just the onset of the positive net g

It is important to note that the stimulated emission ari
directly within the spontaneous simple spectral line pro
peaked at 2.486 eV, i.e., there is no indication of any n
emission line appearing with increasing stripe length, wh
could represent the opening of a radiative channel.

What is the origin of the spontaneous emission ba
Low-temperature wavelength derivative reflectivity measu
ments have revealed that the lowest exciton structure
Zn0.78Cd0.22Se/ZnSe quantum well is located at about 2.
eV.17 Therefore, the spontaneous~as well as stimulated!
emission occurs in the low-energy tail of then51 heavy-
hole ~HH! exciton resonance. Both observations describ
above~the onset of the stimulated emission directly from t
spontaneous line profile and the spectral location of
stimulated emission on the low-energy wing of then51 HH
exciton resonance! bear a close resemblance to the results
Ding and co-workers,5,6 who prescribed the light emissio
and lasing in Zn12xCdxSe/ZnSe quantum wells to a syste
of excitons localized in the well due to alloy composition
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fluctuations and random well thickness variations. The r
son for exciton persistence in II-VI QW systems is that, u
like III-V semiconductors, the binding energy of quasi-2
excitons can exceed the LO-phonon energy,6,17 thus avoiding
exciton dissociation and stabilizing the exciton syste
against electron-hole plasma formation. Such a sys
causes inhomogeneous broadening of the exciton line sh
as a result of a Gaussian-like energy distribution of localiz
exciton states. Once photocreated, excitons begin to occ
preferentially the deepest local band-gap minima~thus re-
sembling a Fermi-like system!, and their recombination ra
diation is expected to occur in the low-energy tail of t
absorption and/or reflection resonance.

Indeed, the lack of a ‘‘doublet structure’’ in our spont
neous as well as stimulated emission spectra strongly
qualifies the free excitonic molecule as well as the fr
exciton-exciton scattering and the free-exciton–LO-phon
scattering mechanisms from participating in optical gain f
mation in our case, because all of them are characterize
a separate spectral feature well below the exci
resonance.18 In addition, we have observed virtually no red
shift of the stimulated emission by increasing the excitat
intensity even by an order of magnitude.11 This eliminates in
addition the mechanism of the electron-hole plasma radia
recombination.

We performed a detailed high-resolution study of t
stimulated emission. An example is given in Fig. 4, whi
displays variations of the spectral shape with the stri
length at Tbath570 K and Tbath58.5 K. A fine structure,
modulated upon a wider background@<10 meV full width at
half maximum~FWHM!#, can be clearly recognized.

FIG. 3. Evolution of the emission spectrum with increasi
stripe length~Tbath570 K, excitation intensity 17 kW/cm2!.
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FIG. 4. Stimulated emission spectra vs the stripe length, taken under the pump intensity of 150 kW/cm2: ~a! bath temperature 70 K,~b!
bath temperature 8.5 K.
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What is the origin of this fine structure? We can certain
eliminate cavity modes because~i! far from the full length of
the sample~only 250 mm from 600mm! was photoexcited,
and ~ii ! the fine structure develops in a somewhat irregu
way by increasing the stripe length. Rather, we believe
the fine structure represents individual homogeneou
broadened contributions of the localized excitons: The
regularities in the spectral structure development reflec
~spatially! irregular distribution of excitonic traps.

Direct support to this interpretation can be obtained
comparing Figs. 2 and 5. In particular, the ‘‘dips’’ on th
curves displayed in Fig. 2~b! are very likely germane to dis
tinct modifications in the spectral profile of the stimulat
emission, as demonstrated in Fig. 5. For instance, the de
tion from the expected linear variation—dashed line—in F
2~b!, occurring at 50 kW/cm2 for stripe lengths>450mm,
seems to be correlated with ‘‘switching over’’ the peak ph
ton energy fromhn1'2.489 eV tohn2'2.487 eV@see Fig.
5~a!#. We prescribe this observation to a terraced variation
the QW thickness by several atomic layers at a given sitex0 :
Let us suppose that the gain on photon energyhn1 attains its
equilibrium value for stripe lengthsl .x0 in the ‘‘narrower’’
part of the QW, then saturates, and the light output increa
henceforth only linearly with increasingl . For high enough
l 5 l 0(.x0) the reabsorption of the low-energy wing of th
stimulated emission athn1 , that happens in the ‘‘wider’’
part of the QW (l ,x0) and contributes to its photopumping
results in attainment of population inversion in this QW pa
and photons leaving the sample facet have energyhn2
,hn1 .

The entire process manifests itself as a discontinuity~dip!
at a given value of the stripe lengthl 0 on the curve emission
intensity vs stripe length, due to the gain onset athn2 and its
fast saturation ~l 0'450mm for a pump intensity of
50 kW/cm2!. It is intuitively clear that such a dip will shift to
higher values ofl 0 with decreasing laser pump power de
sity, and this is exactly what can be seen in Figs. 2~b! and 5.

Let us now discuss the effect of temperature on the em
sion spectra. Evolution of the stimulated emission spectr
with temperature variation is displayed in Fig. 6~a!. The peak
photon energy undergoes a redshift~principally due to the
band-gap shift!, and lasing is gradually weakened and disa
r
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-
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-

n
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,

s-
m

-

pears forTbath>200 K. The decrease in intensity with in
creasing temperature is accompanied with a line-sh
broadening. A remarkable feature of the spectra~that can
also be noticed in Fig. 5! is that their low-energy sides ar
smooth while the high-energy sides are distinctly structur

All these attributes, shown in more detail in Fig. 6~b!,
could perhaps be plausibly explained again in terms of las
due to inhomogeneously broadened localized exciton re
nance: The localized excitons fill up the low-energy wing
the Gaussian absorption profile. The increase in homo
neous linewidth of the individual components wi
temperature6 results in their stronger overlapping and e
hanced reabsorption, as shown schematically in inset of
6~b!. Predominantly high-energy photons undergo the re
sorption~because higher excited states are less occupied!, in
this way causing an evident ‘‘cutting out’’ of the high-energ
side of the spectrum, and an accentuation of its structure
the high-temperature limit this leads finally to homogeneo
line broadening, when the lasing system passes over fro
three-energy-level to a two-energy-level scheme~exciton
states from which the gain is possible plus the grou
state!.19 It is well known that in a two-level excitonic system
lasing cannot be achieved without the participation of a th
particle,20 and this is consistent with our observation: Stim
lated emission vanishes atTbath>200 K, and the homoge
neous broadening due to exciton–LO-phonon interaction,
comes a prevailing factor beyondT>200 K as shown in Sec
III D.

D. Gain profile

The spectral profile of the optical gaing(E) is one of the
principal characteristics of a lasing medium. We extract
experimentalg(E) in the usual way from two emission spe
tra I stim1(E), I stim2(E), measured for two different stripe
lengthsl 1 and l 2 , with the aid of the relation

I stim1~E!

I stim2~E!
5

exp@g~E!l 1#21

exp@g~E!l 2#21
, ~7!

that follows immediately from Eq.~6!. Care has been take
to take valuesl 1 and l 2 from the nonsaturated region. A
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example demonstrating the evolution ofg(E) when going
from 30 to 150 kW/cm2 at Tbath570 K is shown in Fig. 7
~points!. To compare this experimental result with a theor
ical gain profile, we make use of the relation6

g~E!5Di~E!@2 f ~E!21#5Di~E!F 2

e~E2m!/kTeff11
21G ,

~8!

that holds in the limit of an extreme inhomogeneous bro
ening, and describes a ‘‘Fermi-like’’ system of localized e
citons occupying successively higher and higher exc
states within the Gaussian21 inhomogeneous line-shape pr
file Di(E). In Eq. ~8!, f (E) denotes the Fermi distributio
function,m is the chemical potential, andTeff is an effective
temperature of the exciton system.

To calculateg(E) on the basis of Eq.~8!, values ofTeff
and of the Fermi levelm, and the functionDi(E) have to be
known. Since in our case we excite highly above the ba
gap, we have to consider that the excitons thermalize, giv
rise to a moderate lattice heating, also, more importantly,

FIG. 5. Stimulated emission spectra vs the stripe length, take
a bath temperature of 70 K for~a! a pump intensity of 50 kW/cm2,
and ~b! a pump intensity of 30 kW/cm2.
-

-
-
d

d
g
e

to the short exciton lifetime the distribution of localized e
citons is described by an effective exciton temperatureTeff
.T ~lattice temperature!. The effective temperature can b
found from fitting the high-energy wing of the spontaneo
emission spectrum, which is described by a Boltzmann d
tribution ;e2hv/kTeff. In this way we obtainTeff~150 kW/
cm2!5210 K, Teff~50 kW/cm2!5180 K, Teff~30 kW/cm2!
5160 K, andTeff~17 kW/cm2!5140 K @see an example fo
17 kW/cm2 case in the inset in Fig. 7~a!#.

We take the general distribution function of the localiz
excitonsD(E) as a normalized Gaussian profile, with th
FWHM given as

G5G01
GLO

e\vLO /kT21
, ~9!

where GLO536 meV ~Ref. 6! and \vLO531.3 meV ~Ref.
17!. We shall show shortly thatD(E)'Di(E) under our

at

FIG. 6. ~a! Overall view on the evolution of the stimulated emi
sion spectra as a function of the bath temperature. The pump in
sity is 300 kW/cm2. The anchored line of the spectra at 200 K is t
spontaneous lujminescence mujltiplied by 10.~b! Selected stimu-
lated emission spectra from~a!. The inset schematically shows th
increase in homogeneous linewidth with increasing bath temp
ture, which leads to a quenching of the stimulated emission;
text.
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57 13 083STIMULATED EMISSION AND OPTICAL GAIN IN A . . .
experimental conditions. The remaining two variable para
eters to calculateg(E) are thusG0 ~the inhomogeneous
broadening! and m. The experimentally observed relative
narrow widths of the gain curves~Fig. 7! act as a strongly
limiting factor for the choice ofG0 . We then arrive at the
best theoretical modeling of the experimental gain cur
~see the full lines in Fig. 7! by fixing G056 meV and taking
the following values ofm with respect to the center of th
distribution functionD(E): m~30 kW/cm2!520.3899 meV,
m~50 kW/cm2!50.50037 meV, andm~150 kW/cm2!55.8297
meV. Let us note that the filling factor of the distributio
functionD(E) in the case of 150-kW/cm2 pumping intensity
equals'0.58, i.e., we fill up approximately one-half of th
sites available for exciton localization.

Good agreement between the experiment~points! and the
calculated gain curves~full lines! can be seen in Fig. 7. Two
items have to be clarified here. First, there is clearly a r
shift of the gain curves with increasing pump intensity,

FIG. 7. Experimental~points! and theoretical~full lines! gain
profiles. The theoretical curves have been calculated accordin
Eq. ~8!. For parameters of the calculation, see text. The experim
tal data have been measured under pump intensities of~a!
150 kW/cm2, ~b! 50 kW/cm2, and ~c! 30 kW/cm2. The bath tem-
peratureTbath570 K. The inset demonstrates the extraction of t
effective temperatureTeff of the exciton gas from the spontaneo
emission line shape.
-

s

-
-

though increasing filling up of the Gaussian profile shou
lead rather to a blueshift. We attribute this redshift to t
lattice heating mentioned above. For 150 kW/cm2, the shift
amounts to about 6 meV, and corresponds to an increas
the lattice temperatureT by about'12 K ~from a bath tem-
perature from 70 K to;82 K!, as inferred from the tempera
ture dependence of the fundamental gap in Zn12xCdxSe
alloys.22 To achieve a final good fit to experimental ga
profiles, the calculated curves were shifted horizontally
the energy axis according to the actual spectral position
the experimental ones.

Second, the values of the FWHM calculated with the a
of Eq. ~9! ~taking into consideration even the minor lattic
heating! amount to<6.5 meV. This means that the site di
tribution functionD(E) is basically still governed by inho
mogeneous broadening (G056 meV), i.e., D(E)'Di(E),
and we have a right to use Eq.~8! to evaluateg(E). At the
same time, it follows from Eq.~9! that for T>200 K the
parameterG ~FWHM! attains values>13 meV.2G0 , and
the homogeneous broadening thus becomes a prevailing
tor.

IV. DISCUSSION

The single Zn0.78Cd0.22Se/ZnSe GRINSCH QW studied i
the present work exhibits stimulated emission with relativ
very high optical gain~up to ;600 cm21 at Tbath570 K!,
much the same or even higher in comparison with multi
ZnSe/CdSe QW structures,6,7,14,23 although it is somewha
difficult to make a direct comparison because of differe
experimental conditions. We explain the origin of the gain
due to an inhomogeneously broadened system of local
excitons. The localization occurs in local potential minim
arising as a result of compositional disorder and variation
the QW thickness. In Sec. III, we enumerated the main
perimental observations leading to the above-mentioned
terpretation:

~i! There is no indication of any new emission line belo
exciton resonance linked with the onset of the stimula
emission. The stimulated emission emerges from the lo
energy wing of the spontaneous emission line~Fig. 3!.

~ii ! Stimulated emission spectra are characterized by
ticeable irregular fine structure, representing individual h
mogeneously broadened contributions of the localizat
sites~Fig. 4!.

~iii ! Behavior of the stimulated emission as a function
the temperature~Fig. 6!: the increasing weight of homoge
neous broadening with increasing temperature leads~along
with obvious luminescence thermal quenching! to a loss of
lasing.

It is worth mentioning that the widening of the gain pr
file with increasing photoinjection~Fig. 7! is also in full
conformity with the scenario of higher filling of the inhomo
geneous Gaussian distribution~or shift of the chemical po-
tential m to higher energies!. Of course, we observe qualita
tively the same picture for free-carrier plasma lasing~i.e.,
increase in the gain width with increasing photoinjection!. In
the case of a two-dimensional plasma, however, the pla
chemical potential should vary linearly with the photoinje
tion level,24 and this would imply a much more pronounce
increase in gain width than that shown in Fig. 7. On the ot
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hand, the redshift in gain~in Fig. 7! could seemingly indicate
gap shrinkage due to the plasma occurrence, but free-ca
plasma emission is expected to be found here on thehigh-
energyside of the exciton resonance, due to exciton loc
ization. The redshift just mentioned arises therefore as a c
sequence of the sample heating. This lattice heating is du
fast thermalization of hot excitons via LO-phonon emissio
The elevated lattice temperature is to be distinguished f
the effective temperature (Teff) describing the distribution o
localized excitons. Another argument against dominant fr
carrier plasma participation in a lasing mechanism is
presence of the fine structure on the high-energy wing of
stimulated emission, even under the highest photoinjec
level of 300 kW/cm2 ~Fig. 6!.

These results are in qualitative agreement with recent
servations on exciton localization in Zn12xCdxSe/ZnSe mul-
tiple QW: In high-x samples with relatively deep wells~x
'0.2– 0.3, i.e., including our QW withx50.22!, exciton
localization manifests itself in photoluminescence dynam
while in shallow wells with lowx (x'0.1) the density of
localization centersND is low, their occupation is rapidly
saturated, and exciton screening and an electron-hole pla
formation follow.9,25 However, we find no quantitative
agreement concerning the magnitude of localization ce
density:ND was found to be 431010 cm22 for x50.23 in
Ref. 9, but in the present work we observe no saturation
to ;1012-cm22 exciton concentration.

Another puzzling point at first sight is the fact that w
observe a lower net gain at 8.5 K than at 70 K~see Fig. 2!.
Because of the temperature increase which causes ‘‘was
out’’ of the Fermi distributionf (E) in the vicinity of the
Fermi level, an expected trivial consequence is less effec
overlapping ofDi(E) with $2 f (E)21% in Eq. ~8! and, con-
sequently, a lower gain at higher temperatures. This has
been observed; however, it was shown in Ref. 26 that
transfer rate of excitons into the QW increases with tempe
ture, and at sufficiently high temperatures is overcome
recombination through nonradiative channels. This may
sult, together with temperature variations of waveguide pr
erties of the GRINSCH structure, in a maximum on the g
curve vs temperature. The steeper ‘‘edge’’ of the Fermi d
tribution in the vicinity of the Fermi level at lower tempera
tures may then account for the fact that there is a mod
high-energy side spreading of the stimulated emission s
tra in Fig. 4~b! (Tbath58.5 K) and, conversely, a mor
gradual Fermi distribution edge at higher temperatures m
allow the high-energy side of the spectrum to spread con
erably, as observed in Fig. 4~a! (Tbath570 K).

Finally, we wish to mention that quite recently Mikulska
et al.27 studied a complete series of single MOVPE-grow
Zn12xCdxSe/ZnSe GRINSCH quantum wells from the po
of view of the optical gain, by applying the same experime
tal approach as that used throughout this paper. On the
of stimulated emission intensity vs stripe length~analogous
to Fig. 2 in the present work! they observed two gain re
gions. The first gain appears at relatively small stripe leng
~0–100mm!, and reaches saturation very soon. The sec
gain mechanism starts at considerably longer stripe len
( l s.400mm). The values of the optical gain are lower
ier
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the region of the second gain; nevertheless the relevant e
sion intensities are higher. The authors explain these ob
vations by invoking two different gain mechanisms:~i! exci-
ton immediate localization in the localized states with
Gaussian distribution~the first gain!, and~ii ! exciton-exciton
inelastic scattering that is resonantly enhanced due to
presence of the localized states~the second gain!.

A question arises as to whether we are able to identify
gain measurements with the first or second gain mechan
mentioned above. To answer this question, we wish to p
out that the results of Ref. 27 show a clear tendency to m
mize the differences between the first and second gain
gions ~it means shifting the second gain region toward t
first gain region! with increasing gain values, i.e., with in
creasing quality of the sample. It can be expected that
both gain regions ‘‘merge’’ together in the limit of sample
of high enough gains, i.e., the second gain mechanism
longer appears. The gain values measured in the pre
work are comparable with those of the samples in Ref.
which implies that the GRINSCH structure used in t
present work is of the same quality as the series of sam
in Ref. 27. Therefore, in our case the gain mechanism can
clearly identified~except the case of very low pump intens
ties! with the so-called first gain, whose mechanism in fa
we invoke to interpret our results throughout the paper.

V. SUMMARY AND CONCLUSIONS

In summary, we have presented a detailed study of
stimulated emission and optical gain in the~ZnCd!Se/ZnSe
GRINSCH single QW. Although very intense stimulate
emission has been observed at low temperatures~mainly in
the range 8–100 K!, a rapid decrease of the lasing has be
observed forTbath>150 K, and no stimulated emission ha
occurred above 200 K. Further improvement in the archit
ture and/or composition of the GRINSCH systems is the
fore indispensable to comply with demands for the reali
tion of laser diodes operating at room temperatu
Concerning the mechanism which rules the laser action,
results point, in accord with other reports,5,6,14,25to the im-
portant role of the excitonic system in II–VI QW’s.

In particular, we have observed a fine structure in
stimulated emission spectra that we interpret as a manife
tion of individual ~homogeneously broadened! contributions
of localized excitons. This represents direct evidence of
volvement of localized excitons in the optical gain formati
in ~ZnCd!Se/ZnSe QW systems.
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